Since the introduction in the 1950s, warfarin has become the commonly used oral anticoagulant for the prevention of thromboembolism in patients with deep vein thrombosis, atrial fibrillation or prosthetic heart valve replacement. Warfarin is highly efficacious; however, achieving the desired anticoagulation is difficult because of its narrow therapeutic window and highly variable dose response among individuals. Bleeding is often associated with overdose of warfarin. There is overwhelming evidence that an individual's warfarin maintenance is associated with clinical factors and genetic variations, most notably polymorphisms in cytochrome P450 2C9 and vitamin K epoxide reductase subunit 1. Numerous dose-prediction algorithms incorporating both genetic and clinical factors have been developed and tested clinically. However, results from major clinical trials are not available yet. This review aims to provide an overview of the field of warfarin which includes information about the drug, genetics of warfarin dose requirements, dosing algorithms developed and the challenges for the clinical implementation of warfarin pharmacogenetics.
WARFARIN
Warfarin, first introduced in the 1950s, has now become the most commonly prescribed oral anticoagulant for the prevention of thromboembolism in patients with deep vein thrombosis, atrial fibrillation or prosthetic heart valve replacement. 1-4 Over 25 million prescriptions 5 have been made in the United States with world's total prescriptions reaching 0.5-1.5% of the population. 6 Warfarin exists as a racemic mixture of (R) and (S)-enantiomers with the (S) form being more potent than the (R) isomer. 7 Warfarin exerts its anticoagulation effect by blocking the vitamin K regeneration cycle. Gamma carboxylation of vitamin K-dependent clotting factors (factor II, VII, IX and X) is essential for blood clotting. Vitamin K and oxygen are required for the gamma carboxylase to add a carbon dioxide molecule to the side chain of glutamic acid in the clotting factors. During carboxylation, the reduced vitamin K is oxidized to vitamin K 2,3-epoxide, from which the reduced vitamin K is regenerated for another cycle of catalysis. 8, 9 Even though warfarin is highly efficacious, it is plagued by a narrow therapeutic window, and large interindividual variations in the warfarin dosage required for achieving optimal anticoagulation. Variations can range as much as 10-20 fold differences in the dose required to achieve optimal anticoagulation. 10 In addition, there are also significant ethnic dose differences, Asian populations usually require lower doses relative to Caucasian or African populations. 11, 12 Because of the large difference in the dose required for warfarin, the anticoagulation effect must to be monitored regularly. Anticoagulation status is measured as the International Normalized Ratio (INR), which is a measure of the prothrombin time (PT) consisted of vitamin K-dependent coagulation factors II, VII and X. 13 The INR is calculated by dividing a patient's PT with mean normal PT, the geometric mean of the PTs of the healthy adult population. A normal individual usually has an INR of 1, and INR of 2 means that the clotting time has doubled. The target INR for warfarin treatment is dependent upon the indication; the most widely accepted range is 2.0-3.0. 14 It can be difficult to maintain an INR in the target range of 2.0-3.0, and therefore, over-and under-anticoagulation are very common during warfarin treatment. Under-anticoagulation can lead to thrombosis and over-anticoagulation is often associated with bleeding. The most common adverse effect of warfarin is bleeding. [15] [16] [17] In the United States between 2007 and 2009, warfarin-associated adverse events accounted for 33% of drug-related hospitalizations, 18 and warfarin has become one of the top 10 drugs for drug-related hospitalization in the United States. Incidence of adverse bleeding is associated with elevated INR. Studies have shown that risk of bleeding is increased when the INR exceeds 4, and the risk rises sharply with values 45. 19 Vitamin K is the antagonist of warfarin and is used to reverse the effect of warfarin in the event of high INR or bleeding. These challenges led to a significant underuse of warfarin, especially in Asian countries where physicians often fear of bleeding because of lower doses required in the region. One study in Taiwan showed that only 24.7% of the atrial fibrillation patients received appropriate treatment. 20 
NONGENETIC FACTORS INFLUENCING WARFARIN RESPONSE
Vitamin K is required for the coagulation cascade and is also the antagonist for warfarin. It has been shown that vitamin K intake positively correlates with warfarin dose. 21 Thus, dark green vegetables such as broccoli and spinach rich in Vitamin K could potentially influence warfarin response. The National Institutes of Health has recommended consistent vitamin K intake to minimize variations in warfarin response for patients on warfarin treatment. 22 In addition to dietary interactions, excessive alcohol use can also affect warfarin metabolism and elevate INR. 23 Several drugs are known to influence warfarin-treatment response. One of the most common concomitant drugs for warfarin treatment is amiodarone. It has been shown that amiodarone decrease the clearance of both (R) and (S) warfarin, 24 and thus patients should reduce their dose if amiodarone is taken during warfarin treatment. Antibiotics such as metronidazole also reduce the metabolism of warfarin and thus increase the effect of warfarin. Broad-spectrum antibiotics that alter the balance of intestinal flora will enhance the effect of warfarin. 25 Non-steroidal anti-inflammatory drugs do not directly inhibit or induce warfarin metabolism. However, risk of a warfarin-induced bleed is increased due to non-steroidal antiinflammatory drug-induced gastrointestinal ersosions, even for patients with desired range of INR. 25 Patients are also at higher risk of hemorrhage if anti-platelets (such as aspirin and clopidogrel) are used. 26 Drugs that interfere with the vitamin K cycle (such as acetaminophen whose metabolite inhibits the vitamin K cycle) can also interfere with warfarin response. 27 It is well known that there is a positive correlation of age, height and weight with warfarin dose. Recent studies also showed that patients with renal impairments require less warfarin than patients with normal renal function. 28 
GENETIC FACTORS INFLUENCING WARFARIN RESPONSE
The hunt for genetic determinants influencing warfarin dose began in the 1990s using candidate gene approach. Initial focus was on the warfarin-metabolizing enzyme cytochrome P450 2C9 (CYP2C9), which metabolizes the potent (S) warfarin. 29 It was soon identified that polymorphisms in CYP2C9 were associated with reduced warfarin dose requirement. 30 The most common allele is CYP2C9*1, which is considered as the wild-type allele. The most common variant in European ancestry are CYP2C9*2 (rs1799853), which has an Arg 144 Cys substitution, and CYP2C9*3 (rs1057920), which has an Ile 359 Thr substitution. [31] [32] [33] The minor allele of these two variants produces a metabolically impaired enzyme with activities reduced by 30% (CYP2C9*2) and 80% (CYP2C9*3). 30 The frequency of these variants shows ethnic differences; for example, CYP2C9*2 is almost absent in some Asian populations, including the Han-Chinese and Japanese populations. Because of the reduced function of these variants, individuals who carry CYP2C9*2 or *3 require lower doses of warfarin, especially for those with two copies of the *3 allele. These individuals are also at greater risk of bleeding during warfarin treatment and require longer time to achieve stable target INR. 34, 35 Additional CYP2C9 variants with reduced metabolic capacity (CYP2C9*5, *6, *8 and *11) are also identified, and these variants contribute to warfarin dose variation in the African Americans. [36] [37] [38] Metabolizing enzymes for the (R) warfarin, such as CYP1A1 39 and CYP3A5, 40 were also investigated. Because of the minimal effects of (R) warfarin on anticoagulation, they are clinically insignificant. In addition, genes in the warfarin interactive pathways, vitamin K regeneration cycle and vitamin K-dependent clotting factors were also studied. These genes include CYP2C18, CYP2C19, PROC, ABCB1, APOE, EPHX1, CALU, GGCX, ORM1, ORM2, factor II, factor V, factor VII, Factor IX and NR112. 38, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] Unlike CYP2C9, the associations of these genes to warfarin dose variation were limited to some but not all the populations tested, and the effects were too small to have any significant clinical use.
The field of warfarin pharmacogenetics significantly advanced when the second major genetic determinant, vitamin K epoxide reductase subunit 1 (VKORC1), was identified. 57, 58 VKORC1 is responsible for the regeneration of vitamin K epoxide to vitamin K and is the rate-limiting step in the vitamin K regeneration cycle. 48 Several single-nucleotide polymorphisms in strong linkage disequilibrium were identified and associated with warfarin dose. 59 The most commonly used VKORC1 variant is a noncoding variant (VKORC1 À1639 G4A, rs9923231) which lies in the promoter region of VKORC1. The À1639 G allele destroys a transcriptionbinding site (E-box) that resulted in increased promoter activity, 60 and thus, individuals that carry the G allele require higher warfarin doses than those with the A allele. This association was soon confirmed in three major populations (African, Asian and Caucasian), 12, 61 and numerous populations around the world. [62] [63] [64] [65] In addition, several rare nonsynonymous mutations in VKORC1 which confer warfarin resistance were also identified. 66 To identify additional genes that contribute to variations in warfarin dosing, one study using Affymetrix's DMET (Drug Metabolizing Enzymes and Transporters) gene chip and several genomewide association studies were conducted. [67] [68] [69] [70] In addition to confirming the previously known associations of CYP2C9 and VKORC1 as the major genetic determinants for warfarin dosing variation, these studies also identified CYP4F2 as the additional genetic factor. It was demonstrated that CYP4F2 contributes to vitamin K1 oxidation and the nonsynonymous polymorphism, resulting in decreased activity. 71 The association of the CFP4F2 variant (rs2108622) and warfarin dose was subsequently confirmed in a meta-analysis involving more than 9000 participants from 30 studies. 72 Even though the association of CYP4F2 is significant, the effect size is much lower than those contributed by VKORC1 and CYP2C9, and its clinical use remains to be further studied.
DOSING ALGORITHMS
Because of the difficulties and the potential lethal side effects of warfarin therapy, efforts were made early on trying to reduce the adverse events. Most of the efforts focused on developing dosing algorithms or computerized programs using clinical variables to guide physicians prescribing warfarin or to predict warfarin dose. [73] [74] [75] [76] However, there was no wide adoption due to the lack of effectiveness of the programs and the low variability (B20%) explained by the clinical algorithms. With the identifications of the genetic factors associated with warfarin dosing, efforts were refocused on developing dosing algorithms incorporating both clinical and genetic variables aimed to explain a greater variation in dosing as well as to better predict the maintenance dose. The earliest pharmacogenetic dosing algorithms used just CYP2C9 genotypes. 76, 77 VKORC1 genotypes were quickly added as the second genetic factor soon after its identification. A few recently developed algorithms also included CYP4F2 and other genetic factors. 78, 79 Over 20 dosing algorithms for various ethnic groups have been developed. 12, [80] [81] [82] In general, most of these algorithms showed that demographic factors (age, gender, weight and height) and the use of concomitant drugs account for approximately 25% of the variability in dosage. Genetic factors (CYP2C9 and VKORC1) account for additional 35-50% of the variability. However, the problem for most of these algorithms is that they were developed using a relatively small sample size usually from a single ethnic group. An international group, International Warfarin Pharmacogenetics Consortium (IWPC), was formed to tackle this issue. Clinical and genetic data were collected from over 5000 patients around the world. Two dosing algorithms were developed, one with clinical variables only and the other with both genetic and clinical factors, using information from 4042 individuals, and were then tested and replicated on additional 1009 patients. 12 The phamacogenetics dosing algorithm outperformed the nongenetic clinical algorithm and fixed dose. The same study also showed that the greatest benefit for pharmacokinetics dosing were patients requiring o21 mg per week or 449 mg per week of warfarin; these patients account for 440% of the total patients. However, these algorithms, including the IWPC, were developed using mostly adult populations and might not be suitable for children. Several new algorithms using pediatric patients were developed to address this issue. 83, 84 In addition to developing a global dosing algorithm, researchers of IWPC also used the collected information to show that one VKORC1 singlenucleotide polymorphism ( À1639 G4A) is sufficient, and adding other common VKORC1 single-nucleotide polymorphisms or the uses of haplotypes in dosing algorithms does not further improve warfarin dose prediction. 61 All the algorithms published to date, at best, explain about 80% of the variations in warfarin dosing. 85 Novel variants yet to be identified could explain some of the missing variations. It is more likely that the remaining variations cannot be explained by any algorithms. As discussed above, diet is an important factor influencing warfarin. However, it is extremely difficult to account for these variations. Even within the same country/ethnic group, food preference can differ. In addition, interactions between warfarin and herbal medicine are not well documented. All these contribute to the missing variations in the current dosing algorithms.
CLINICAL IMPLEMENTATION OF WARFARIN PHARMACOGENETICS
Given the enormous evidence supporting the associations of genetic factors with warfarin dose and the regulatory mandate for drug safety, the US Food and Drug Administration (FDA) updated the drug label for warfarin to include information on the impact of genetic variation. However, this update caused controversy and concerns from many physicians, as it did not provide any specific dosing recommendation using genetics. The label was updated again by the FDA to include a genotype-stratified dosing table in 2010. A study was conducted to compare the accuracy of the dosing table and some of the developed genetic dosing algorithms. The study found that the genetic dosing table predicted warfarin dose better than empirical dosing, and the pharmacogenetics dosing algorithms were the most accurate. 86 The Clinical Pharmacogenetics Implementation Consortium, a partnership of the National Institutes of Health PharmGKB (www.pharmgkb.org) and the Pharmacogenomics Research Network (www.pgrn.org), has developed a guideline to provide recommendation to physicians on the interpretation and use of the CYP2C9 and VKORC1 genotype data should the genotype results be available to the physicians. 6 This guideline recommends that if genetic information is available, warfarin dosing should be estimated using a pharmacogenetic dosing algorithm. If the use of algorithms is not possible, a genotype dosing table should still be used. As it can be difficult to calculate the warfarin dose using developed algorithms, websites have been setup to assist this. Warfarindosing.org (http:// www.warfarindosing.org) is a free website that includes the IWPC and the Gage algorithms. The PharmGKB database also generated a tool to help estimate warfarin dose using the IWPC algorithm (http:// www.pharmgkb.org/drug/PA451906).
Even though no one disputes the influence of genetics on warfarin dosing, the benefit of clinical use of warfarin pharmacogenetics, such as percent time in therapeutic range, fewer out of range INRs, fewer dose adjustments and reduced incidents of adverse bleeding, is still debated. Several studies of various study design, including randomized trials, have been performed to address these issues. 81, [87] [88] [89] [90] [91] [92] [93] [94] [95] Some of the studies showed a real therapeutic advantage by including the genetic information. The Medco-Mayo Warfarin Effectiveness study 90 showed that 31% of the patients were less likely to be hospitalized for any cause and 28% less likely to be hospitalized for a bleeding episode or thromboembolism if the treating physicians were given the VKORC1 and CYP2C9 genotype information. However, the serious limitation of this study is that the genotype data were provided on average, 32 days after the start of treatment. In addition, the sample sizes of these studies were too small to have adequate power to detect the genetic effects.
The first break-through in the clinical pharmacogenetic study of warfarin is the CoumaGen-II study. 96 It is the first randomized trial with adequate power (504 cases with pharmacogenetic-guided dosing and 1911 controls with standard dosing) to show that patients in the pharmacogenetic-guided dosing arm have higher percentage of patients stayed in the therapeutic INR range, fewer INRX4 and p1.5, and less serious adverse events. In addition to CoumaGen-II, several large randomize trials are ongoing to test the benefits of pharmacogenetic-guided dosing. 6 
FUTURE PERSPECTIVE
The Clinical Pharmacogenetics Implementation Consortium guideline and the clinical trials were designed to remove roadblocks for the clinical implementation of warfarin pharmacogenetics. The clinical trials will provide the evidence required for the clinical use of genetics, and the Clinical Pharmacogenetics Implementation Consortium guideline provides recommended actions on the available genotype data. The last remaining hurdle is in the infrastructure required for fast, reliable and economical genotyping platform. There are currently four genotyping platforms approved by the US FDA: eQ-PCR LC Warfarin Genotyping Kit (TrimGen, Sparks, MD, USA), eSensoe Warfarin Sensitivity test (GenMark Diagnostics, Inc, Carlsbad, CA, USA), Infinity Warfarin Assay (Autogenomics, Inc, Vista, CA, USA) and Verigene Warfarin Metabolism Nucleic Acid Test (Nanosphere, Northbrook, IL, USA). A number of none-FDA-approved tests are also available (http://www.pharmgkb.org/drug/PA451906#tabview= tab0&subtab=34). However, these platforms are still not widely available outside of the major medical center setting. It can sometimes take weeks before the results are made available to patients or their physicians. As the use of pharmacogenetic-guided dosing is most likely to benefit the patients during the initiation stage, it is vital that the patients get the genotype data before treatment.
Because of the difficulties associated with warfarin use and the importance of anticoagulation treatment, pharmaceutical companies have been developing a new generation of oral anticoagulants, and several new anticoagulants have emerged from the horizon. Both direct thrombin inhibitor (dabigatran) 97 and factor Xa inhibitor (rivoxaban) 98 have recently obtained FDA approval. Studies have shown that these new anticoagulants are non-inferior, and in some cases superior, to warfarin. However, the time in treatment range is low, raising some doubt on the performance on the new drugs. These new anticoagulants still have several issues preventing them for wide adoption. First, these new drugs can still cause adverse bleeding, but there is currently no monitoring tests available similar to INR for warfarin that can monitor the anticoagulation status. Thus, there is no way to identify patients who are at high risk for bleeding. Second, the cost associated with these new anticoagulants is much higher. One study using patients with atrial fibrillation concluded that it is costeffective to use dabigatran in patients with poor INR control, whereas warfarin is more cost-effective in patients with good INR control. 99 Lastly, patients on the new anticoagulants are at greater risk when adverse bleeding occurs, as there is no antidote to reverse the effect.
With over 60 years of use, there is enormous data on the safety, clinical use and genetics for warfarin. Thus, at least in the short term, warfarin still will be the most prescribed oral anticoagulants. The results of the ongoing clinical trials may decide the future of warfarin. If the trials show conclusively the benefit of using pharmacogenetics in guiding warfarin use, with the rapid decrease in the cost of genotyping, warfarin may still be a competent oral anticoagulant.
